Abstract. We describe a mechanism for plasmonic loss reduction in midinfrared metallic photonic crystals and apply it to surface-plasmon quantum cascade lasers. We obtain pulsed, room-temperature operation of surface-emitting photonic crystal quantum cascade lasers operating at λ≈7.4 μm. The photonic crystal resonator is patterned in the device top metallization, and laser operation is obtained on a band-edge mode of the photonic band structure. The emission is spectrally single mode, with a side-mode suppression ratio of 20 dB, and on-chip tunability is obtained over a wavelength range of ≈0.52 μm. Simulations based on a finite elements approach and on the finite-difference timedomain method allow us to study the photonic-band structure, the electromagnetic field distributions, and especially, the influence of the device parameters on the losses. The comparison between the measured and simulated far-field emission patterns and polarization proves the lasers operate on a monopolar-symmetry mode C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
The combination of photonic-crystal (PhC) technology and quantum cascade (QC) lasers has attracted recent interest for their significant advantages in tailoring and engineering the spectral and spatial characteristics of the devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] To date, PhC QC lasers have been demonstrated both in the midinfrared (mid-IR) and terahertz spectral ranges. When surface emission is important, the so-called band-edge configuration is preferred, with the device operating on band-edge, lowgroup-velocity states of the photonic band structure. These states, typically located at high-symmetry points in the band structure, exhibit a high photonic density of states as a result of the two-dimensional distributed feedback of the photonic lattice.
PhC QC lasers have been implemented in a large variety of geometries, schemes, and structures. A main classification into two different families, which are strong and weak-indexcontrast PhC structures, can be proposed. In the former case, the index contrast is comparable to the value of the material with high refractive index in the PhC structure. [1] [2] [3] [4] [5] [6] [7] For III-V semiconductors, this value is typically 3/3.5. Strong optical feedback can be achieved, which is crucial to implement compact PhC QC lasers, or even microcavity devices, which operate on a defect mode of the PhC structure. In the latter case instead, the index contrast achievable is much lower than the indices of refraction of the semiconductor materials. 8, 9 A much larger number of PhC periods is needed to achieve sufficient optical feedback for laser action. The large area of these PhC structures, and especially the delocalization of the electromagnetic (EM) field across the whole device surface, makes them appealing for highly directional surface-emitting QC lasers with reasonably high output power. Examples of mid-IR high-index-contrast PhC structures can be found in Refs. 1 and 7, where airholes deeply etched into the semiconductor material lead to strong index contrast (3.4 versus 1). In the case of Ref. 1 , a functional, surface-emitting laser needs only 10 PhC periods from the center. When a metal-metal waveguide can be employed, as in THz QC lasers, 12 a deep semiconductor etch is not even necessary, 4 and the PhC can be directly printed in the top metallization. Thanks to the extremely subwavelength thickness of the structure, a large index contrast is still obtained (approximately 3.6 versus 2.8).
Recently, we demonstrated a surface-emitting QC laser that employs a low-index-contrast PhC resonator 8 and operates in the mid-IR range of the EM spectrum. A surfaceplasmon waveguide is used, with a PhC pattern directly "written" onto the device top metallization, which acts also as contact for current injection. Although the geometry is similar to the THz PhC QC lasers of Refs. 4-6, the underlying physical mechanism is significantly different. In the mid-IR structure 8 , the waveguide thickness (which includes the active region and the substrate) is one order of magnitude larger than the wavelength. Because the penetration of the EM field inside the semiconductor is only marginally affected by the presence/absence of the top metallization, a very weak effective index contrast (about 3.2 versus 3.1, estimated with a 1-D transfer-matrix calculation) can be obtained. However, the metallic PhC strongly modulates the mode profile. In the regions with top metallization, a surface-plasmon is present, the electric field is bound to the top metal-semiconductor interface and decays approximately exponentially into the active region. In the regions without metallization (i.e., in the airholes), the electric field is instead maximum at the center of the active layer, it decays toward the air-claddings and substrate, respectively, and its intensity is minimum at the top air-semiconductor interface. This modal mismatch leads to an effective index contrast and eventually yields the optical feedback necessary for laser action.
In our first results, we have demonstrated single-mode surface emission with reduced output divergence. 8 The spatial character of the laser emission (the far-field pattern and polarization), could be precisely controlled by engineering the shape, symmetry, and phase of the PhC structure. 9 However, the maximum operating temperature (T max ) was limited to 240 K in those devices.
In this paper, we report the pulsed, room-temperature operation of mid-IR surface-emitting QC lasers with metallic PhC. We demonstrate that a mechanism for reducing the plasmonic losses via metal patterning can be successfully implemented in 2-D systems. Metallic PhC structures have been already proposed as optical resonators for QC lasers, 4, 13 however, the mechanism of mode selection and loss reduction is still unclear. In this work, we implement 3-D finitedifference time-domain (FDTD) simulations to analyze the mode distribution and the device losses. In particular, the complex refractive index of both metal and semiconductors are taken into account, which allows us to simultaneously deduce each component of the loss, including the material loss and the cavity loss. This accurate analysis has played a crucial role to modify the PhC structure and reduce the threshold. In Ref. 14, we had identified a configuration of the top metal that sustains new modes with extremely low propagation losses with respect to standard SPs. In this paper, we show that the Bloch states with monopolar symmetry in metallic photonic crystals can exhibit a similar property.
The paper is organized as follows. In Section 2 the design of the PhC QC laser is described: the photonic band structure and mode distributions are analyzed, the device losses are determined, and an optimized PhC cavity is proposed. Section 3 details the material growth and the device fabrication. Section 4 reports the experimental results: Spectral and spatial laser characterizations, as well as the temperature behavior. The lasing mode identification is obtained by comparing the measured far-field patterns and polarization with FDTD simulations. Conclusions are drawn in Section 6. Figure 1(a) shows the schematic structure of a typical PhC QC laser studied in this work. A metallic PhC, which features a triangular lattice of airholes in a thin Ti/Au film (3/80 nm), is directly "written" on top of the active region. The Ti/Au pattern serves simultaneously as contact for current injection and as surface plasmon carrying layer. In the region under the Ti/Au pattern, the electric field is bound at the metal/semiconductor interface and decays approximately exponentially into the active region. Below the airholes, in the z direction, the electric field is confined near the center of the active region and decays toward the airinterface and the substrate, respectively. This modal mismatch of the field profiles is responsible for optical feedback.
Design
The photonic band structure [ Fig good candidates for lasing. Furthermore, surface emission will be achieved because the modes are located above the light cone. Ultimately, the band-edge mode with lowest total losses will be lasing. The total losses include two contributions: the material (α mat ) and the cavity (α cav ) loss. The latter one can be further divided into in-plane (α // ) loss, the radiation loss coupled to the free space (α vertical, up ), and coupled to the substrate (α vertical, down ), respectively. We first estimate the material loss by simulating an infinite structure, within a 3-D finite elements approach, with Bloch periodic boundary conditions. The calculations yield α mat = 11 cm − 1 for the highest frequency mode (a/λ = 0.366). This value is significantly lower than for the other band-edge modes, whose losses are higher than 30 cm − 1 . Here, a is the lattice period of the PhC, and λ is the free-space wavelength. The electric field distribution of this mode has monopolar symmetry, and its loss is also significantly lower than for a standard surface plasmon mode (45 cm − 1 ) in a uniformly metalized device, thus suggesting that a 2-D metallic pattern can sustain low-loss modes.
The finite size of the photonic crystal has a crucial effect on the device loss and mode distribution. We therefore implemented 3-D FDTD simulations, 7, 15, 16 where the complex refractive index of the materials are used. It allows us to deduce, simultaneously, the material loss and each component of the cavity loss. The numerical calculations show that, for a finite PhC structure, only the monopole mode exhibits a stable mode distribution. It strongly suggests that only the monopole mode has a sufficiently low total loss. Figure 2 (a) presents the distribution of the z component of the electric field (E z ) for the monopole mode. The section is taken parallel to the x-y plane and in the center of the active region. Figure 2 (b) shows instead the energy distribution in the x-z section across the center of the PhC. The EM field is confined in the active region and under the airholes, with a weak overlap with the metallic pattern. This characteristic explains why α mat for the monopole mode is much lower than for a standard SP mode. Note that this mechanism of loss reduction is different from the one reported in Ref. 2 , where the effect originates from the presence of an in-plane electric field in regions with lower index of refraction, and also from better thermal management.
Monopolar Bloch modes of infinite PhC structures do not couple with the continuum of radiative modes, because the relative surface transverse fields are antisymmetric. 17, 18 In fact, surface emission is instead a consequence of the finite size of the devices. We calculated the influence of the PhC parameters, including the normalized radius (r/a) of the airhole and the number of periods (N), on the loss of the monopole mode. Figure 3 Fig. 3 (a) The total loss and its constituent components as a function of N, calculated by 3-D FDTD simulation. r/a is fixed at 0.2; α total is the total loss, α cav the cavity loss, and α mat the material loss, α // the in-plane cavity loss, and α vertical,up and α vertical,down are the radiation loss coupled to free space and the substrate, respectively. The complex refractive index used for metal, active region, and substrate are n metal = 4.2 + 53.2 · i, n AR = 3.27 + 6.72×10 − 5 · i, and n sub = 2.85 + 5.86×10 − 3 · i, respectively. (b) The calculated total loss and the measured laser threshold as a function of r/a. The values of a and N are 2.70 μm and 28, respectively. The threshold was measured at 78 K in pulsed mode (50-ns pulse width at an 84-kHz repetition rate).
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November 2010/Vol. 49(11) 111112-3 is fixed at its optimized value. Figure. 3(a) shows that the total loss is mainly caused by the in-plane cavity loss (α // ) and material loss (α mat ), and it decreases gradually by increasing N. For the PhC with small N (N = 15) α // is the dominant effect that limits the device threshold. α // decrease rapidly by increasing N and become comparable to α mat for the PhC with large N (N = 36). On the other hand, α mat decreases slowly when N increases, caused by the nonperiodic distribution of the EM fields in a finite PhC structure. We note the good convergence between Final element Method the (FEM) and the FDTD simulations. For instance, the α mat for a large PhC structure (N = 36) calculated by FDTD equals to 13 cm − 1 , where as the α mat for an infinite PhC calculated by FEM is 11 cm − 1 . In addition, the radiation loss coupled to the free space (α vertical, up ) is in the order of 0.1 cm − 1 . Such a low radiation loss originates from the antisymmetric distributions of the relative surface transverse fields and indicates low extraction efficiency. In order to reach a sufficiently low total loss-and, hence, a reduced current threshold-a large number of PhC periods is necessary. Figure 3 (b) presents the influence of the r/a on the total loss, where the value of N is fixed as 28. Figure 3(b) indicates that the device loss is sensitive to the radius of airholes. The total loss reaches a minimum for r/a ≈ 0.2 and increases rapidly when r/a deviates from this optimal value.
Material Growth and Device Process
The laser structure (sample E-InP281) was grown by metalorganic vapor-phase epitaxy, in the In 0.53 Ga 0. 47As/Al 0.48 In 0.52 As material system lattice matched to a highly doped InP substrate. The details of the growth are given in Ref. 19 . The active region is based on a two-phonon-resonance design with the nominal lasing transition at λ = 7.5 μm. Fifty active-region/injector stages were grown, preceded by a 2-μm-thick low-doped InP (n = 1×10 17 cm − 3 ) buffer layer and a 500-nm-thick InGaAs cladding (n = 5×10 16 cm − 3 ), and followed by doped, InGaAs contact facilitating layers.
The device process started by defining the PhC pattern by e-beam lithography, using a two-layer resist mask (PMMA and FOx12), 20 followed by metal evaporation (Ti/Au, 3/80 nm) and liftoff. A series of PhC patterns with different lattice periods (a), radius of airhole (r), and N are tested. After defining the top metallic contact size and shape by wet chemical etching, mesa cavities were wet etched down to the InP substrate, for current confinement purposes. The sidewall of the cavity and the edge of top mesa were covered by 200-nm-thick Si x N y for electrical insulation. The top electrode was formed by evaporating a Ti/Au layer that surrounded and contacted the edge of the PC pattern. Substrate thinning down to 250 μm, polishing, and back contact deposition concluded the processing. The devices have then been mounted with indium solder on copper blocks, wire bonded, and loaded on a temperature-controlled cold finger of a liquid-nitrogen continuous flow cryostat for device characterization. Figures 1(c) and 1(d) show scanning electron microscopy (SEM) images of a typical device, and a close-up of the metallic PhC structure, respectively. Figure 4 shows the lasing spectra of several devices with the same value of r/a = 0.2, but different lattice periods. The spectra were measured at a temperature of 78 K in pulsed mode. Single-mode emission with a side-mode suppression ratio (SMSR) of at least ≈20 dB was observed for all the devices. The emission wavelength tunes linearly with the lattice period, corresponding to a normalized frequency value a/λ = 0.365, in good agreement with the calculated frequency of the monopole mode. By lithographically tuning the lattice period a in the 2.54-2.74 μm range, the emission wavelength can be varied across a wide range of ∼0.52 μm. For all the injected currents, operation temperatures, and photonic lattice periods explored, the devices operate in single mode. This feature demonstrates the robustness of the 2-D distributed feedback, and the large difference of loss between the lasing mode and the other band-edge modes, which evidently prevents mode competition effects. For the photonic crystal quantum cascade lasers, the shape of the cavity and the boundary conditions has important effects on the mode distribution. 1, 4, 13 We have tested different cavity shapes, including irregular cavities, hexagonal cavities, 8 as well as the square cavity used in this work. In spite of the different cavity shapes, the devices always operate on the monopole mode. We attribute it to the special configuration of the cavity boundary. The photonic crystal cavity exhibits sloped sidewalls, thanks to the wet etching of the semiconductor mesa, and it is also covered by the Si x N y passivating layer and Ti/Au metallization. Therefore, the EM field reaching the cavity boundary will be either absorbed or reflected into the highly doped substrate. As a result, an equivalent absorbing boundary condition is created and the EM field in the cavity will not be perturbed.
Experimental Results and Discussions
The influence of the PhC parameters (r/a and N) have also been investigated. With the fixed a (= 2.70 μm) and N (= 28), a series of lasers with different hole radius (r/a = 0.1, 0.16, 0.18, 0.20, 0.22, 0.24, 0.30, and 0.40) have been fabricated. The threshold current densities (J th ) for these devices are measured at 78 K in pulsed mode, and the results are shown in Fig. 3(b) . The measurements show at 300 K, while the peak output power decreases from 85 to 26 mW. For comparison, we have also fabricated the standard ridge QC lasers from the same epitaxial material and with uncoated facets. The ridge width and cavity length are 20 μm and 1.5 mm, respectively. This corresponds to an emitting volume comparable to the PhC cavity. For the surface plasmon Fabry-Perot QC lasers, the J th at 77 K is 2.5 kA/cm 2 , and the T max is 260 K, with only a few megawatts peak output power. The comparison demonstrates that by using metallic PhC patterning, the threshold and output power can be significantly improved.
We have measured the far-field pattern and the polarization characteristics of the lasers, because the comparison to the FDTD simulations allows the identification of the lasing mode. The results for a typical device are reported in Fig. 6(a) . The θ x = θ y = 0 angle corresponds to the direction perfectly orthogonal to the device surface. The emission patterns have a "doughnut" shape, which is a characteristic feature of all PhC lasers operating on band-edge modes at the -point of the photonic band structure. 21 The emission angular divergence is ≈9 deg. Figures 6(b) and 6(c) report two polarized far-field patterns, obtained by mounting a metallic grating polarizer in front of the LN 2 -cooled HgCdTe detector (the polarization direction is indicated by the gray arrows). The polarized far-field exhibits two symmetric lobes along the polarization axis, while no emission is detected orthogonal to it. The experimental results suggest that the far-field is radially polarized. The numerically simulated far fields are reported in Fig. 7 (details of the simulation procedure can be found in Refs. 6, 9,22, and 23. 
Conclusions
We have systematically studied the emission properties of surface-plasmon PhC QC lasers in the mid-IR range. The photonic-band structure, the EM field distribution, and the loss of the band-edge modes are analyzed by means of FEM and FDTD numerical simulations. The influence of several PhC parameters is also calculated. The results indicate that only the monopole mode has a low-enough loss to support laser oscillations.
Spectrally single-mode surface emission is obtained, with a SMSR of ≈20 dB, and the emission wavelength is lithographically tunable across a 0.52 μm. Analysis of the farfield pattern and polarization, which has a divergence of only 9 deg, demonstrates that the lasing mode has monopolar symmetry.
Most importantly, by using optimized PhC parameters, pulsed room-temperature operation is achieved. The laser performances are obviously better than standard surface plasmon Fabry-Perot lasers fabricated from the same wafer. This finding indicates that the metal-patterning operates as a plasmonic loss-reduction mechanism also in 2-D (and not only in 1-D as in Ref. 14), and it opens up possible prospects of using PhCs as a performance-improvement tool. Further improvements of the PhC laser performance, in terms of threshold and output power, may come from modified photonic crystal designs and fabrication technologies. Dielectric waveguide combined with a shallow dry-etched photonic crystal structure can be employed. This strategy can lead to simultaneously decreased material and in-plane cavity losses and, therefore, to room-temperature pulsed operation with very low threshold current density. In order to realize roomtemperature continuous wave operation, an improved thermal dissipation approach, suitable to surface-emtting lasers, must be developed.
